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Clinical PerspectiveWhat Is New?Chronic kidney disease (CKD) increases pulmonary vein arrhythmogenesis with abnormal calcium homeostasis.Reactive oxygen species and modulation of calcium‐regulation protein kinase are key mechanisms underlying the genesis of calcium dysregulation and arrhythmogenesis in CKD pulmonary vein cardiomyocytes.What Are the Clinical Implications?Our findings support that enhanced redox signaling and protein kinase A activity have a critical impact on calcium homeostasis of pulmonary vein arrhythmogenesis contributing to atrial arrhythmia in CKD.Abnormal calcium handling in CKD pulmonary vein cardiomyocytes is inhibited by the antioxidant and protein kinase A inhibitor, which may lead to an innovative treatment strategy in CKD patients with atrial fibrillation.

Introduction {#jah32377-sec-0008}
============

Atrial fibrillation (AF), the most common clinical arrhythmia, causes significant cardiovascular morbidity and mortality due to heart failure and stroke.[1](#jah32377-bib-0001){ref-type="ref"}, [2](#jah32377-bib-0002){ref-type="ref"} AF is produced by the trigger activity from ectopic foci in the pulmonary vein (PV).[3](#jah32377-bib-0003){ref-type="ref"}, [4](#jah32377-bib-0004){ref-type="ref"} Patients with AF have abnormal calcium regulation with increasing calcium sparks and calcium leak.[5](#jah32377-bib-0005){ref-type="ref"}, [6](#jah32377-bib-0006){ref-type="ref"}, [7](#jah32377-bib-0007){ref-type="ref"} In addition, calcium spark and calcium leak play critical roles in the arrhythmogenesis of PV cardiomyocytes.[7](#jah32377-bib-0007){ref-type="ref"}, [8](#jah32377-bib-0008){ref-type="ref"} Atrial PKA (protein kinase A) or CaMKII (calcium/calmodulin‐dependent protein kinase II) are enhanced with increasing phosphorylation of the type 2 ryanodine receptor (RyR2), leading to great sarcoplasmic reticulum (SR) calcium leak and calcium spark.[7](#jah32377-bib-0007){ref-type="ref"}, [9](#jah32377-bib-0009){ref-type="ref"}

Chronic kidney disease (CKD) with increased albuminuria is associated with a higher prevalence of AF.[10](#jah32377-bib-0010){ref-type="ref"}, [11](#jah32377-bib-0011){ref-type="ref"}, [12](#jah32377-bib-0012){ref-type="ref"} Renal failure can induce oxidative stress, inflammation, hypertension, and activation of angiotensin II and the sympathetic nervous system of the heart, which all contribute to AF genesis.[13](#jah32377-bib-0013){ref-type="ref"}, [14](#jah32377-bib-0014){ref-type="ref"} A previous experiment demonstrated that an antioxidant agent could suppress pacing‐induced AF in fibrotic cardiomyocytes in a nephrectomy‐induced renal dysfunction animal model.[15](#jah32377-bib-0015){ref-type="ref"} Our previous study showed that increased protein expressions of PKA, RyR2 pS2808 (phosphorylated RyR2 at serine 2808), and PLB pSer16 (phosphorylated phospholamban \[PLB\] at serine 16) in CKD may enhance PV arrhythmogenesis, which contributes to a high risk of AF.[16](#jah32377-bib-0016){ref-type="ref"} Increased oxidative stress and PKA are found in the renal cortex of CKD rats, resulting in dysregulated cellular calcium homeostasis.[17](#jah32377-bib-0017){ref-type="ref"}, [18](#jah32377-bib-0018){ref-type="ref"} High mitochondrial reactive oxygen species (ROS) stimulate kinase activity, leading to calcium‐handling abnormalities.[18](#jah32377-bib-0018){ref-type="ref"}, [19](#jah32377-bib-0019){ref-type="ref"}, [20](#jah32377-bib-0020){ref-type="ref"} In addition, ROS may enhance the sodium/calcium exchanger (NCX) and increase the frequency of calcium sparks by activating PKA phosphorylation.[18](#jah32377-bib-0018){ref-type="ref"}, [21](#jah32377-bib-0021){ref-type="ref"}, [22](#jah32377-bib-0022){ref-type="ref"} Nevertheless, knowledge of interactions of calcium homeostasis and ROS in CKD and their role in CKD‐induced PV arrhythmogenesis is limited. The purposes of this study were to investigate whether CKD modulates PV electrical activity through dysregulation of calcium homeostasis and to assess the potential mechanisms of ROS‐related CKD PV arrhythmogenesis.

Methods {#jah32377-sec-0009}
=======

CKD Animal Preparation {#jah32377-sec-0010}
----------------------

All experimental procedures were completed in accordance with guidelines from the institutional animal care and use committee. CKD and control rabbits (3.0--3.5 kg) received an intraperitoneal injection of neomycin sulfate (150 mg/kg per day) and cefazolin (500 mg/kg per day) or vehicle every other day for 4 weeks.[16](#jah32377-bib-0016){ref-type="ref"} Biochemical examinations of serum and urine were performed. ECGs of the rabbits were recorded by connecting their 4 limbs to the cable leads of a digital Holter ECG recorder for 6 hours twice a week, as described previously.[16](#jah32377-bib-0016){ref-type="ref"} Excessive atrial premature complexes (APCs) were defined as ≥30 APCs per hour or any episode with ≥20 APCs. Rabbits with high serum creatinine (\>6.0 mg/dL), a large amount of proteinuria, and a high urine microalbumin:creatinine ratio were classified as CKD, as shown in [Table](#jah32377-tbl-0001){ref-type="table-wrap"}.[23](#jah32377-bib-0023){ref-type="ref"}

###### 

Biochemical and Physiological Properties of Control and CKD Rabbits

                            Control (n=15)   CKD (n=15)    *P* Value
  ------------------------- ---------------- ------------- -----------
  BUN, mg/dL                17.3±0.9         107.1±20.8    0.002
  Creatinine, mg/dL         0.92±0.29        7.32±0.83     \<0.001
  Hemoglobin, g/dL          13.7±0.35        10.6±0.33     \<0.001
  Hematocrit, %             43.6±1.25        35.3±1.1      \<0.001
  Albumin, g/dL             3.57±0.06        3.08±0.11     0.001
  Sodium, mmol/L            140.6±0.8        144.4±2.2     0.15
  Potassium, mmol/L         4.8±0.19         4.3±0.25      0.126
  Calcium, mg/dL            13.1±0.2         9.4±0.71      \<0.001
  Phosphate, mg/dL          7.4±0.21         13.3±2.1      0.016
  Magnesium, mg/dL          2.61±0.08        2.58±0.21     0.137
  Proteinuria, mg/dL        37.3±12.1        193.3±26.7    \<0.001
  Microalbuminuria, mg/dL   6.33±1.25        188.2±53.8    \<0.001
  UACR, mg/g                27.5±4.4         714.5±135.4   \<0.001
  With excessive APCs, %    0                53.4          0.002
  With SVT, %               0                20.0          0.224

APCs indicates atrial premature complexes; BUN, blood urea nitrogen; CKD, chronic kidney disease; SVT, supraventricular tachycardia; UACR, urine albumin:creatinine ratio.

Single PV Cardiomyocyte Isolation {#jah32377-sec-0011}
---------------------------------

As described previously, PV cardiomyocytes of control and CKD rabbits were enzymatically dissociated after rabbits were anesthetized with an intraperitoneal injection of sodium pentobarbital (100 mg/kg).[8](#jah32377-bib-0008){ref-type="ref"} In brief, a midline thoracotomy was performed, and the heart and lungs were removed. PVs were perfused in a retrograde manner via polyethylene tubing cannulated through the aorta and left ventricle into the left atrium. The free end of the polyethylene tube was connected to a Langendorff perfusion column for perfusion with oxygenated normal Tyrode\'s solution (containing \[in mmol/L\] NaCl 137, KCl 5.4, CaCl~2~ 1.8, MgCl~2~ 0.5, HEPES 10, and glucose 11; with the pH adjusted to 7.4 by titration with 1 N NaOH). The perfusate was replaced with oxygenated Ca^2+^‐free Tyrode\'s solution containing 300 U/mL collagenase (type I) and 0.25 U/mL protease (type XIV) for 8 to 12 minutes. Isolated single CKD PV cardiomyocytes were pretreated with or without H89 (1 μmol/L, an inhibitor of PKA), KN93 (1 μmol/L, an inhibitor of CaMKII), KN92 (1 μmol/L, an inactive analog of KN93), ranolazine (10 μmol/L, an inhibitor of late sodium current \[I~Na‐Late~\]), and MPG (N‐\[2‐mercaptopropionyl\]glycine; 100 μmol/L, a ROS scavenger) for 1 minute before recording.

Measurements of Intracellular Calcium, SR Calcium Contents, and Calcium Spark Imaging {#jah32377-sec-0012}
-------------------------------------------------------------------------------------

PV cardiomyocytes from both control and CKD rabbits were loaded with fluorescent Ca^2+^ (10 μmol/L, fluo‐3/AM) for 30 minutes at room temperature, as described previously.[8](#jah32377-bib-0008){ref-type="ref"}, [24](#jah32377-bib-0024){ref-type="ref"} Fluo‐3 fluorescence was excited by a 488‐nm line of an argon ion laser. The emission was recorded at \>515 nm. Cells were repetitively scanned at 2‐ms intervals. Fluorescence imaging was performed with a laser scanning confocal microscope (Zeiss LSM 510, Carl Zeiss) and an inverted microscope (Axiovert 100, Carl Zeiss). Fluorescent signals were corrected for variations in dye concentrations by normalizing the fluorescence (represented by F) against baseline fluorescence (F~0~) to obtain reliable information about transient intracellular Ca^2+^ (Ca^2+^i) changes from baseline values, as (F−F~0~)/F~0~, and to exclude variations in the fluorescence intensity by different volumes of injected dye. The Ca^2+^i transient, peak systolic Ca^2+^i, and diastolic Ca^2+^i were measured during a 2‐Hz field stimulation with 10‐ms, twice‐threshold‐strength, square‐wave pulses. After achieving steady‐state Ca^2+^ transients with repeated pulses from −40 to 0 mV (1 Hz for 5 seconds), the total amount of charge crossing the membrane SR Ca^2+^ content (represented as Ccaff in the equation) was estimated by integrating the NCX current after rapid application of 20 mmol/L caffeine during rest with the membrane potential clamped at −40 mV to cause SR Ca^2+^ release. The NCX current was measured by whole‐cell patch clamp experiments. The total SR Ca^2+^ content (expressed as mmol/L of cytosol) was determined using the equation SR Ca^2+^ content=\[(1+0.12) (Ccaff/F×1000)\]/(Cm×8.31×6.44), where Cm is the membrane capacitance, F is Faraday\'s number, and the cell surface:volume ratio was 6.44 pF/pL.

Calcium sparks were detected using the line scan mode along a line parallel to the longitudinal axis of single PV cardiomyocytes while avoiding nuclei. Each line was composed of 512 pixels. Calcium sparks were detected as an increase in the signal mass (\>1.3 F/F~0~) of a 5‐μm section through the center of a calcium spark, with no detectable increase in an adjacent 5‐μm section. The amplitude, duration, diameter, time to the peak, and half‐life of each calcium spark were determined from an exponential fit of the decay phase of the transient calcium spark. The calcium spark frequency was determined for each cell and normalized to the scanned cell length before and after drug administration. Images were analyzed using both ImageJ (National Institutes of Health) and custom‐made routines based on IDL (ITT Visual information Solutions).

Patch Clamp Experiments {#jah32377-sec-0013}
-----------------------

A whole‐cell patch clamp was used on PV cardiomyocytes with an Axopatch 1D amplifier (Axon Instruments) at 35±1°C. The micropipette resistance was 3 to 5 MΩ. A small hyperpolarizing step from a holding potential of −50 mV to a test potential of −55 mV for 80 ms was delivered at the beginning of each experiment. The micropipette resistance was 3 to 5 MΩ. The area under the capacitative currents curve was divided by the applied voltage step to obtain the total cell capacitance. Normally, 60% to 80% series resistance was electronically compensated for. Action potential recordings were made in the current‐clamp mode, and ionic currents were recorded in the voltage‐clamp mode.[24](#jah32377-bib-0024){ref-type="ref"}, [25](#jah32377-bib-0025){ref-type="ref"}, [26](#jah32377-bib-0026){ref-type="ref"} Ionic currents and action potentials were recorded in an approximately similar period (3--5 minutes) after rupture or perforation to avoid decay of ion channel activity over time. Micropipettes were filled with a solution containing (in mmol/L) KCl 20, K aspartate 110, MgCl~2~ 1, MgATP 5, HEPES 10, EGTA 0.5, NaGTP 0.1, and Na~2~ phosphocreatine 5, titrated to pH 7.2 with KOH for experiments on the action potential; with a solution containing (in mmol/L) NaCl 20, CsCl 110, MgCl~2~ 0.4, CaCl~2~ 1.75, tetraethylammonium chloride 20, BAPTA 5, glucose 5, MgATP 5, and HEPES 10, titrated to pH 7.25 with CsOH for experiments on the NCX current; with a solution containing (in mmol/L) CsCl 130, MgCl~2~ 1, MgATP 5, HEPES 10, EGTA 10, NaGTP 0.1, and Na~2~ phosphocreatine 5, titrated to pH 7.2 with CsOH for experiments on the L‐type calcium current; and with a solution containing (in mmol/L) CsCl 130, Na~2~ATP 4, MgCl~2~ 1, EGTA 10, and HEPES 5 at pH 7.3 with NaOH for I~Na‐Late~.

The NCX current was elicited by test pulses of between −100 and +100 mV from a holding potential of −40 mV for 300 ms at a frequency of 0.1 Hz. Amplitudes of the NCX current were measured as 10‐mmol/L nickel‐sensitive currents. The external solution consisted of (in mmol/L) NaCl 140, CaCl~2~ 2, MgCl~2~ 1, HEPES 5, and glucose 10 at pH 7.4 and contained strophanthidin (10 μmol/L), nitrendipine (10 μmol/L), and niflumic acid (100 μmol/L).

The L‐type calcium current was measured as an inward current during depolarization from a holding potential of −50 mV to test potentials ranging from −40 to +60 mV in 10‐mV steps for 300 ms at a frequency of 0.1 Hz by means of a perforated patch clamp with amphotericin B. NaCl and KCl in the external solution were respectively replaced with tetraethylammonium chloride and CsCl. To avoid "run‐down" effects, the L‐type calcium current was measured at 5 to 15 minutes after rupturing the membrane patch in each PV cardiomyocyte.

The I~Na‐Late~ was recorded at room temperature with an external solution containing (in mmol/L) NaCl 130, CsCl 5, MgCl~2~ 1, CaCl~2~ 1, HEPES 10, and glucose 10 at pH 7.4 with NaOH by a step/ramp protocol (−100 mV stepped to +20 mV for 100 ms, then ramped back to −100 mV over 100 ms). The I~Na‐late~ was measured as the tetrodotoxin (30 μmol/L)--sensitive portions of the current traces obtained when the voltage was ramped back to −100 mV.

Western Blot Analysis {#jah32377-sec-0014}
---------------------

Control and CKD PV cardiomyocytes were centrifuged and washed with cold PBS and lysed on ice for 30 minutes in RIPA buffer containing 50 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecylsulfate, and protease inhibitor cocktails. The protein concentrations were determined with a Bio‐Rad protein assay reagent. Proteins were separated in 4% to 12% SDS‐PAGE under reducing conditions and electrophoretically transferred into an equilibrated polyvinylidene difluoride membrane. All blots were probed with primary antibodies against PKA, RyR2, PLB, PLB pSer16, RyR2 pS2808, RyR2 pS2814, and PLB pThr17 (phosphorylated PLB at threonine 17), GAPDH, and all secondary antibodies conjugated with horseradish peroxidase. All bound antibodies were detected with an enhanced chemiluminescence detection system and analyzed with AlphaEaseFC software. All targeted bands were normalized to GAPDH to confirm equal protein loading.

SR Ca^2+^‐ATPase Activity {#jah32377-sec-0015}
-------------------------

The ATPase activity of the cardiac SR Ca^2+^ pump was measured using an enzyme‐coupled assay.[27](#jah32377-bib-0027){ref-type="ref"} SR vesicles were prepared from PV cardiomyocytes, as described by Münch et al.[28](#jah32377-bib-0028){ref-type="ref"} SR protein (25 μg) was incubated in 250 μL buffer containing 21 mmol/L MOPS, 100 mmol/L KCl, 3 mmol/L MgCl~2~, 0.06 mmol/L EGTA, 4.9 mmol/L NaN~3~, 1 mmol/L glycerophosphate, 1 mmol/L phosphoenopyruvate, 0.1 mmol/L NADH, 8.4 U pyruvate kinase, and 12 U lactate dehydrogenase. The reactions received 1 mmol/L of ATP at 30°C (basal activity). SR Ca^2+^‐ATPase (SERCA2a) activity was measured as the change in absorption at 340 nm divided by the extinction coefficient of NADH. The consumption of NADH is considered to be equivalent to the hydrolysis of ATP by SERCA2a at 1 μmol/L CaCl~2~.

Measurement of Intracellular ROS {#jah32377-sec-0016}
--------------------------------

Experiments were also performed using a laser scanning confocal microscope (Zeiss LSM 510, Carl Zeiss) and an inverted microscope (Axiovert 100, Carl Zeiss) with a 60×1.4 numerical aperture oil immersion objective, as described previously.[19](#jah32377-bib-0019){ref-type="ref"} PV cardiomyocytes were maintained in oxygenated normal Tyrode\'s solution (containing \[in mmol/L\] NaCl 137, KCl 5.4, CaCl~2~ 1.8, MgCl~2~ 0.5, HEPES 10, and glucose 11; with the pH adjusted to 7.4 by titration with 1 N NaOH) supplemented with the appropriate fluorescent dye of 5 μmol/L MitoSOX Red (Life Technologies). MitoSOX Red was excited at 488 nm, and fluorescence signals were acquired at wavelengths of \>505 nm in the XY mode of the confocal system. Fluorescent images were analyzed using Image‐Pro Plus 6.0 and SigmaPlot 12.3 software.

The level of malondialdehyde in rabbit plasma and PV cardiomyocytes to detect lipid peroxidation were assessed by an ELISA kit, according to the manufacturer\'s guidelines and a colorimetric‐fluorimetric method.

Statistical Analysis {#jah32377-sec-0017}
--------------------

All quantitative data are expressed as the mean±SEM. Comparisons between the control and CKD rabbits or PV cardiomyocytes were analyzed by a Mann--Whitney *U* test. A Wilcoxon signed rank test was used to compare the difference before and after treatment of CKD PV cardiomyocytes. Nominal variables were compared by a χ^2^ analysis or Fisher exact test if \>20% of the expected cell frequencies were \<5. A *P* value of \<0.05 was considered statistically significant.

Results {#jah32377-sec-0018}
=======

Electrical Activity and Calcium Homeostasis in CKD and Control PV Cardiomyocytes {#jah32377-sec-0019}
--------------------------------------------------------------------------------

As shown in [Table](#jah32377-tbl-0001){ref-type="table-wrap"} and Figure [1](#jah32377-fig-0001){ref-type="fig"}, CKD rabbits (n=15) had excessive APCs compared with control rabbits (n=15), and CKD PV cardiomyocytes (n=8, from 4 hearts) had a faster beating rate (2.61±0.18 versus 1.98±0.21 Hz) than control PV cardiomyocytes (n=10, from 4 hearts). Although AF was not found in either group, CKD rabbits tended to have a higher incidence of supraventricular tachycardia than control rabbits. CKD PV cardiomyocytes had larger SR calcium contents and calcium transient amplitudes (1.08±0.13 versus 0.68±0.09 mmol/L of cytosol and 2.31±0.15 versus 1.50±0.08 F/F~0~, respectively) than did control PV cardiomyocytes (Figure [2](#jah32377-fig-0002){ref-type="fig"}A). As shown in Figure [2](#jah32377-fig-0002){ref-type="fig"}B, the western blot showed larger expressions of PKA, PLB pSer16, and RyR2 pS2808 in CKD PVs than in control PVs; however, there were similar expressions of PLB, PLB pThr17, RyR2, and RyR2 pS2814 in control and CKD PVs. In addition, compared with control PVs, CKD PVs had higher SERCA2a activity (relative to control, 1.48±0.12 versus 1.00±0.12 nmol ATP×mg protein^−1^×min^−1^; Figure [2](#jah32377-fig-0002){ref-type="fig"}C). As shown in Figure [3](#jah32377-fig-0003){ref-type="fig"}, CKD PV cardiomyocytes treated with H89 (1 μmol/L) and KN93 (1 μmol/L) had smaller calcium transients (1.52±0.11 versus 2.24±0.23 F/F~0~ and 2.02±0.22 versus 2.28±0.17 F/F~0~, respectively) than did CKD PV cardiomyocytes. H89, however, produced a greater decrease in calcium transients than did KN93 (−29.43±4.70% versus −12.32±3.54%, *P*\<0.05).

![Electrocardiography and spontaneous beating rates of pulmonary vein (PV) cardiomyocytes in control and chronic kidney disease (CKD) rabbits. A, Control rabbits had a regular beating rate, but CKD rabbits had repeated atrial premature complexes (↑, APCs). B, An example and average data show that CKD PV cardiomyocytes (n=8, from 4 hearts) had more rapid beating rates than control PV cardiomyocytes (n=10, from 4 hearts). \**P*\<0.05 vs the control.](JAH3-6-e005701-g001){#jah32377-fig-0001}

![Intracellular calcium homeostasis, calcium regulatory protein, and sarcoplasmic reticulum (SR) Ca^2+^‐ATPase (SERCA2a) activity in control and chronic kidney disease (CKD) pulmonary vein (PV) cardiomyocytes. A, Tracings and average data of SR calcium contents (left panels) from integrating caffeine‐induced sodium/calcium exchanger (NCX) currents in control (n=12, from 4 hearts) and CKD (n=10, from 4 hearts) PV cardiomyocytes. Tracings and average data of calcium transients from 2‐Hz field stimulation (right panels) in control (n=14, from 5 hearts) and CKD (n=12, from 6 hearts) PV cardiomyocytes. B, Representative immunoblot and average data of PKA, phosphorylated phospholamban (PLB) at PLB pThr17 (phosphorylated PLB at threonine 17), PLB pSer16 (phosphorylated PLB at serine 16), PLB, type 2 ryanodine receptor (RyR2) channels, RyR2 pS2814 (phosphorylated RyR2 at serine 2814), RyR2 pS2808 (phosphorylated RyR2 at serine 2808), from control (from 8 hearts) and CKD PV cardiomyocytes (from 8 hearts). C, The SERCA2a activity was higher in CKD PV cardiomyocytes (from 7 hearts) than control PV cardiomyocytes (from 6 hearts). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005 vs the control.](JAH3-6-e005701-g002){#jah32377-fig-0002}

![The effect of calcium regulation signaling in control and chronic kidney disease (CKD) pulmonary vein (PV) cardiomyocytes. Tracings and average data of calcium transients from 2‐Hz field stimulation in CKD PV cardiomyocytes before and after treatment with H89 (1 μmol/L, an inhibitor of PKA; n=8, from 4 hearts), KN93 (1 μmol/L, an inhibitor of CaMKII; n=8, from 3 hearts), and KN92 (1 μmol/L, an inactive analog of KN93; n=8, from 3 hearts). \**P*\<0.05.](JAH3-6-e005701-g003){#jah32377-fig-0003}

As shown in Figure [4](#jah32377-fig-0004){ref-type="fig"}A, compared with control PV cardiomyocytes, CKD PV cardiomyocytes had a higher frequency of calcium sparks (4.96±0.73 versus 2.35±0.30 sparks/mm per second) with a longer duration (210.66±18.76 versus 137.44±11.22 ms), width (4.42±0.37 versus 3.32±0.17 ms), time to peak (92.64±11.95 versus 63.07±6.47 ms), and decay time (117.87±9.86 versus 77.74±8.05 ms). Moreover, CKD PV cardiomyocytes had a higher incidence of spontaneous calcium releases along the calcium spark than did control PV cardiomyocytes (41.39% versus 8.00%, Figure [4](#jah32377-fig-0004){ref-type="fig"}B). Furthermore, in CKD PV cardiomyocytes (n=6, from 4 hearts) that presented calcium sparks, H89 (1 μmol/L) completely eliminated calcium sparks. In contrast, KN93 eliminated calcium sparks in 3 (50%) of 6 CKD PV cardiomyocytes (from 4 hearts) and reduced the frequency of calcium sparks from 4.73±0.19 to 2.37±0.48 sparks/mm per second (*P*\<0.05), whereas KN92 eliminated calcium sparks in 1 (20%) of 5 CKD PV cardiomyocytes (from 4 hearts) and reduced the frequency of calcium sparks from 4.71±0.93 to 3.00±0.84 sparks/mm per second (*P*\>0.05).

![Calcium sparks in control and chronic kidney disease (CKD) pulmonary vein (PV) cardiomyocytes. A, Examples of line scans to detect calcium sparks in control and CKD PV cardiomyocytes. Average data of the frequency, incidence of calcium sparks, duration, width, peak time, and decay time in control (n=33, from 7 hearts) and CKD PV cardiomyocytes (n=33, from 10 hearts). B, Examples of line scans to detect spontaneous calcium releases presented along with calcium spark in CKD PV cardiomyocytes. The spontaneous calcium releases (red asterisk) that precedes ectopic activity is presented along with a calcium spark (red arrow). The incidence of spontaneous calcium releases along the calcium spark in control (n=25, from 7 hearts) and CKD PV cardiomyocytes (n=29, from 10 hearts). \**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.005 vs the control.](JAH3-6-e005701-g004){#jah32377-fig-0004}

As shown in Figure [5](#jah32377-fig-0005){ref-type="fig"}, CKD PV cardiomyocytes had higher NCX currents and I~Na‐Late~ (1.15±0.12 versus 0.64±0.05 pA/pF) than did control PV cardiomyocytes; however, CKD PV cardiomyocytes had smaller L‐type calcium current densities than did control PV cardiomyocytes. We studied the role of I~Na‐Late~ in calcium transient in PV cardiomyocytes (Figure [6](#jah32377-fig-0006){ref-type="fig"}) and found that *Anemonia sulcata* toxin (100 nmol/L, an enhancer of I~Na‐Late~) increased calcium transient in control PV cardiomyocytes (1.62±0.15 versus 2.05±0.28 F/F~0~), and ranolazine (10 μmol/L) decreased calcium transient in CKD PV cardiomyocytes (2.33±0.16 versus 1.80±0.09 F/F~0~).

![Ionic currents in control and chronic kidney disease (CKD) pulmonary vein (PV) cardiomyocytes. A, Tracings and current‐voltage relationship of the sodium/calcium exchanger (NCX) from control (n=9, from 4 hearts) and CKD PV cardiomyocytes (n=10, from 5 hearts). B, Tracings and I--V relationship of L‐type calcium currents (I~C~ ~a‐L~) from control (n=10, from 5 hearts) and CKD PV cardiomyocytes (n=10, from 5 hearts). C, Tracings and average data of late sodium currents (I~N~ ~a‐Late~) from control (n=11, from 6 hearts) and CKD PV cardiomyocytes (n=13, from 5 hearts). TTX indicates tetrodotoxin. \**P*\<0.05, \*\*\**P*\<0.005 vs control.](JAH3-6-e005701-g005){#jah32377-fig-0005}

![Role of late sodium currents (I~N~ ~a‐Late~) in calcium transient in pulmonary vein (PV) cardiomyocytes. A, Tracings and average data of calcium transients from 2‐Hz field stimulation in control PV cardiomyocytes (n=10, from 3 hearts) before and after *Anemonia sulcata* toxin (ATXII, 100 nmol/L). B, Tracings and average data of calcium transients from 2‐Hz field stimulation in chronic kidney disease (CKD) PV cardiomyocytes (n=10, from 3 hearts) before and after ranolazine (10 μmol/L). \**P*\<0.05, \*\**P*\<0.01.](JAH3-6-e005701-g006){#jah32377-fig-0006}

ROS Production by CKD and Control PV Cardiomyocytes {#jah32377-sec-0020}
---------------------------------------------------

As shown in Figure [7](#jah32377-fig-0007){ref-type="fig"}, CKD PV cardiomyocytes had higher ROS in mitochondria (22.64±1.91% versus 59.89±3.79%) than did control PV cardiomyocytes. CKD rabbits (n=6) had higher plasma level of malondialdehyde (10.55±1.14 versus 6.19±1.17 μmol/L) than did control rabbits (n=6). In addition, CKD PV cardiomyocytes (n=6, from 4 hearts) had higher malondialdehyde (40.58±7.34 versus 22.67±3.19 pmol/mg) than did control PV cardiomyocytes (n=6, from 4 hearts). As shown in Figure [8](#jah32377-fig-0008){ref-type="fig"}A, MPG (100 μmol/L) reduced calcium transients in CKD PV cardiomyocytes to an extent (1.48±0.08 versus 2.21±0.05 F/F~0~) similar to those in H89‐treated (1 μmol/L) and control PV cardiomyocytes (Figure [3](#jah32377-fig-0003){ref-type="fig"}), which were smaller than those in KN93‐treated (1 μmol/L) CKD PV cardiomyocytes. Furthermore, as shown in Figure [8](#jah32377-fig-0008){ref-type="fig"}B, we treated MPG in H89‐ or KN93‐treated CKD PV cardiomyocytes and found that MPG decreased calcium transient in KN93‐treated (1 μmol/L) CKD PV cardiomyocytes (2.01±0.15 versus 1.62±0.10 F/F~0~) but not in H89‐treated (1 μmol/L) PV cardiomyocytes (1.59±0.09 versus 1.50±0.10 F/F~0~).

![Reactive oxygen species (ROS) in control and chronic kidney disease (CKD) pulmonary vein (PV) cardiomyocytes. A, An example and average data of mitochondrial ROS in control (n=10, from 3 hearts) and CKD (n=8, from 3 hearts) PV cardiomyocytes. B, Average data of plasma and cytosol malondialdehyde (MDA) in control and CKD rabbits and PV cardiomyocytes. \**P*\<0.05, \*\*\**P*\<0.005 vs control.](JAH3-6-e005701-g007){#jah32377-fig-0007}

![The role of reactive oxygen species (ROS) in control and chronic kidney disease (CKD) pulmonary vein (PV) cardiomyocytes. A, Tracings and average data of calcium transients from 2‐Hz field stimulation in CKD PV cardiomyocytes before and after MPG (N‐\[2‐mercaptopropionyl\]glycine; 100 μmol/L, n=13, from 4 hearts). MPG‐treated CKD PV cardiomyocytes had smaller calcium transients than did CKD PV cardiomyocytes. B, Tracings and average data of calcium transients from 2‐Hz field stimulation in CKD PV cardiomyocytes treated with H89 (n=12, from 3 hearts) or KN93 (n=14, from 3 hearts) before and after MPG (100 μmol/L). \*\**P*\<0.01.](JAH3-6-e005701-g008){#jah32377-fig-0008}

Discussion {#jah32377-sec-0021}
==========

Our previous study showed that PVs in rabbits with advanced renal failure had rapid and irregular electrical activities due to abnormal calcium regulation and high expression of the NCX protein, which were suppressed by a selective blocker of the outward NCX.[16](#jah32377-bib-0016){ref-type="ref"} CKD is the important risk factor for AF. The excessive APCs, supraventricular tachyarrhythmia, and high PV arrhythmogenesis found in CKD rabbits may increase the risk of AF.[29](#jah32377-bib-0029){ref-type="ref"}, [30](#jah32377-bib-0030){ref-type="ref"} This study found that CKD PV cardiomyocytes had calcium overload, which may lead to a faster PV beating rate. In addition, CKD PV cardiomyocytes revealed a high frequency of calcium sparks. Increased calcium stores and calcium transient could result in enhanced calcium sparks due to calcium overload or RyR dysfunction in PV cardiomyocytes.[24](#jah32377-bib-0024){ref-type="ref"}, [31](#jah32377-bib-0031){ref-type="ref"} A more frequent spontaneous SR calcium release was proven to induce great calcium sparks and extensive calcium waves in cardiomyocytes from patients with AF.[5](#jah32377-bib-0005){ref-type="ref"} Moreover, CKD PV cardiomyocytes had a higher frequency, longer duration, width, and peak time of calcium sparks, which were related to enhanced pacemaker activity, than did the controls in our study.[8](#jah32377-bib-0008){ref-type="ref"}, [31](#jah32377-bib-0031){ref-type="ref"} In addition, the longer decay time of calcium sparks, which was associated with maladaptation of the RyR, may prolong SR calcium release events leading to arrhythmogenesis in CKD PV cardiomyocytes.[32](#jah32377-bib-0032){ref-type="ref"}

In this study, we found that CKD PV cardiomyocytes had higher SERCA2a activity, which increased SR content and led to a higher incidence of calcium spark. Similar to our previous study, the western blot showed that CKD PVs had larger PLB pSer16, which may contribute to their higher SERCA2a activity and calcium overload.[16](#jah32377-bib-0016){ref-type="ref"} Elevated PKA activity in our CKD PV cardiomyocytes can cause RyR dysfunction and raise SERCA2a activity as a result of RyR and PLB phosphorylation.[33](#jah32377-bib-0033){ref-type="ref"} Through single‐cell experiments, we found that an inhibitor of PKA eliminated calcium overload and increased calcium sparks in CKD PV cardiomyocytes. These findings highlight the importance of RyR dysfunction or calcium overload along with underlying PKA hyperphosphorylation in the arrhythmogenesis of CKD PV cardiomyocytes. Taken together, CKD PV cardiomyocytes with enhanced kinase activity may lead to calcium overload or calcium transients, which induce the risk of AF.[34](#jah32377-bib-0034){ref-type="ref"} CaMKII was shown to contribute to calcium dysregulation in AF patients.[35](#jah32377-bib-0035){ref-type="ref"} In CKD PV cardiomyocytes, inhibition of CaMKII by KN93 also reduced calcium transients and the incidence of calcium sparks; however, inhibiting CaMKII did not completely eliminate calcium dysregulation in CKD PV cardiomyocytes. These results suggest that activation of PKA rather than CaMKII signaling causes increased PV arrhythmogenesis in CKD. The NCX plays an important role in the genesis of PV electrical activity and calcium homeostasis.[24](#jah32377-bib-0024){ref-type="ref"}, [36](#jah32377-bib-0036){ref-type="ref"} Our study found an increased NCX current with a larger sodium influx through the I~Na‐Late~ in CKD PV cardiomyocytes. The increase of calcium transient by I~Na‐Late~ enhancer (*Anemonia sulcata* toxin) in control PV cardiomyocytes and the decrease of calcium transient by ranolazine in CKD PV cardiomyocytes suggests that I~Na‐Late~ can induce calcium overload and contribute to the faster PV spontaneous activity.[37](#jah32377-bib-0037){ref-type="ref"}

CKD significantly increases the risk of cardiovascular disease.[38](#jah32377-bib-0038){ref-type="ref"} Previous study has shown that accumulation of uremic toxins in CKD increases oxidative stress, leading to cardiovascular diseases.[39](#jah32377-bib-0039){ref-type="ref"} Increased oxidative stress by uremic toxin of indoxyl sulfate was shown to enhance PV arrhythmogenesis.[40](#jah32377-bib-0040){ref-type="ref"} In addition, oxidative stress potentially contributes to endothelial dysfunction and cardiac hypertrophy in CKD patients.[41](#jah32377-bib-0041){ref-type="ref"}, [42](#jah32377-bib-0042){ref-type="ref"} The loss of renal energy metabolism, resulting in dyslipidemia and oxidative stress, may increase cardiovascular burden in CKD.[43](#jah32377-bib-0043){ref-type="ref"} Accordingly, increased oxidative stress in CKD is critically associated with cardiovascular diseases. The overproduction of oxidative stress in AF pathogenesis was demonstrated in a human study and in cardiomyocytes of nephrectomy‐induced CKD animals.[15](#jah32377-bib-0015){ref-type="ref"}, [44](#jah32377-bib-0044){ref-type="ref"} In addition, ROS‐induced ROS release from mitochondria could contribute to the development of cardiac arrhythmia through abnormal mitochondrial depolarization.[45](#jah32377-bib-0045){ref-type="ref"} This study found that CKD rabbits had increased malondialdehyde in the plasma, and CKD PV cells had enhanced cytosolic malondialdehyde and mitochondrial‐specific ROS.[44](#jah32377-bib-0044){ref-type="ref"} Moreover, similar to a PKA inhibitor but not a CaMKII blocker, a ROS scavenger suppressed calcium‐handling dysregulation in CKD PV cardiomyocytes. Moreover, this study compared the effects of a ROS scavenger in CaMKII‐ or PKA‐inhibitor--treated CKD PV cardiomyocytes. PKA blockade reduced the inhibitory effects of MPG on calcium transient, suggesting that ROS signaling through PKA activation may contribute to the high arrhythmogenesis in CKD PV cardiomyocytes.[18](#jah32377-bib-0018){ref-type="ref"}, [33](#jah32377-bib-0033){ref-type="ref"}

Limitations {#jah32377-sec-0022}
-----------

In this study, antibiotics‐induced CKD exhibited anemia, proteinuria, dyslipidemia, and electrolyte disturbance, which are typical presentations of human CKD[16](#jah32377-bib-0016){ref-type="ref"}; however, CKD may have different etiologies. It is not clear whether our findings can be applied to other CKD models. Although renal dysfunction for 1 month is expected to be chronic when considering the shorter lifespan of rabbits, a longer duration CKD model may have different expressions of oxidative stress or densities of ionic currents in PV arrhythmogenesis. Moreover, we did not detect AF in CKD rabbits, which may be related to the rather short recording time of ECG in the studied animals. Finally, the overproduction of oxidative stress or enhanced PKA signaling in CKD PV cardiomyocytes could be a specific source that triggers downstream signal pathways in CKD related to atrial arrhythmia. Nonetheless, possible interactions of redox and kinase activities were not fully elucidated in our study. Future research is mandatory to clarify the detailed mechanisms.

Conclusions {#jah32377-sec-0023}
===========

CKD PV cardiomyocytes enhanced spontaneous activities by calcium overload and calcium leakage. Redox modification could play an important role in the PKA‐related calcium dysregulation of CKD PV cardiomyocytes.
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